INTRODUCTION
Crop evapotranspiration (ET), the only term that appears both in water balance equations and surface energy balance equations (Xu & Singh ) , is an essential component of the hydrologic cycle. Therefore, crop ET plays a key role in applying rainfall-runoff and ecological models, calculating regional water balance, and determining irrigation water demands. The first step of crop evapotranspiration estimation is estimating the reference crop evapotranspiration (ET 0 ). Inaccurate ET 0 estimates could lead to error propagation in the model and finally unreliable groundwater recharge estimates (Allen et al. ) . Organization (FAO) has adopted the PM equation as the standard method to estimate ET 0 . The main shortcoming of the PM model is its requirement of some hard-to-obtain meteorological factors (Valiantzas ) . It is very difficult to obtain continuous and comprehensive data in many cases. Furthermore, installation and maintenance of meteorological stations in high-elevation terrain is very expensive and complicated. Therefore, it is crucial to find a simple and accurate method to estimate ET 0 for high-elevation areas.
The existing empirical equations to estimate ET 0 with limited data were categorized as temperature-based, radiation-based, evaporation-based, material conversion-based and mixed-type (Tabari et al. ) . The simplified temperature-based models, which only require easy-to-access data, have been widely used (Almorox et al. ) . The temperature-based Hargreaves-Samani model (HS) (Hargreaves & Samani ) calculated solar radiation using the highest temperature, lowest temperature and external radiation. Almorox et al. () found that the HS model was the simplest and most accurate temperature-based model to use in arid and semi-arid areas after studying data from 4,362 meteorological stations to estimate ET 0 using 11 tempera- However, elevation factors, which were overlooked before, can be easily obtained and are closely related to the hygrometer constant (γ), the zenith radiation (R a , solar radiation absorbed by the top of the earth's atmosphere) and the net solar radiation (R n , the energy absorbed by the Earth's surface) (Allen et al. ) . Existing studies on simplified models mostly focus on temperature, relative humidity, wind speed, sunshine hours, rainfall and other meteorological factors. The main objective of this study is to provide a simple and accurate model to estimate ET 0 based on the HS model, using elevation information.
STUDY AREA AND DATA

Study area
Tibet, located in the southwest of China and known as the 'roof of the world', has an average altitude of 4,000 m covering an area of 1.23 million km 2 . The high altitude leads to unique climate characteristics: low oxygen, low pressure (less than 2/3 atmospheric pressure than at sea level), long sunshine duration (more than 3,000 hours per year) and strong radiation (annual solar radiation ranging from 6,000 to 8,000 MJ m À2 ). The humidity and temperature vary widely, and there are distinctive dry and wet seasons in the high-altitude areas of Tibet (above 2,000 m) due to the frequent cold-heat exchanges in the near surface layer.
According to the characteristics of Tibetan geomorphology and climate, this study fully considered the altitude variations of Tibet (the overall trend is higher in the west and lower in the east). Twenty representative Tibetan sites with altitude ranging from 2,000 m to 5,000 m were selected (Figure 1) for the study. Their geographical data are shown in Table 1 .
Data collection
The daily meteorological data including the minimum and maximum temperatures, humidity, sunshine duration, wind An elevation-adjusted HS model was developed using the training dataset, and validated using the testing dataset.
METHODS FAO56 Penman-Monteith equation
The FAO stated that all calculation procedures for the PM 
where ET 0 PM is the ET 0 (mm day À1 ) calculated by PenmanMonteith equation and will be used as the true value of ET 0 in this paper; R n is the net radiation at the crop surface (MJ m À2 day À1 ); G is the soil heat flux density (MJ m À2 day À1 , ≈ 0); T is the air temperature at a 2 m height ( C); u 2 is the wind speed at a 2 m height (m s À1 ); e s and e a are the saturated and actual vapour pressure (kPa), respectively; Δ is the slope vapour pressure curve (kPa, C) and γ is a psychrometric constant (kPa, C).
Hargreaves-Samani equation
The HS equation estimates reference crop evapotranspiration (ET 0 ) only using temperature data (Hargreaves & Samani ) .
where ET 0 HS is the ET 0 calculated by HS equation (mm day À1 ); T mean , T max , T min are the mean, maximum and minimum temperature ( C), respectively; R a is the extraterrestrial radiation, which is calculated as a function of the day of the year and latitude and longitude (Allen et al. ) . 
Methods to determine the influence factors on ET 0 in high-elevation areas
The influence of elevation and temperature on the ET 0
The analysis of the variation of ET 0 with elevation and temperature showed that the annual ET 0 increased gradually with increasing elevation (decreasing temperature) in areas below 4,000 m, but decreased with increasing elevation (decreasing temperature) in areas above 4,000 m ( Figure 2 and Table 1 The first three PCs (Table 2 ) had eigenvalues larger than 1, and the total variance explained by them was nearly 80%. Therefore, the first three PCs could be used to illustrate the main information contained in the original nine variables. The correlations between the first three PCs and the original variables were used to find the relationship between the PCs and the original meteorological indexes or geographic information (Table 3 ). There were significant correlations between the first principal component and four of the initial variables: the daily minimum temperature, daily mean temperature, daily maximum temperature and elevation. The second and third PCs only had significant correlation with sunshine duration and latitude, respectively.
The PCA analysis further confirmed that temperature and elevation were important indicators of ET 0 . 
Hargreaves-Elevation model
Including an altitude function in the HS model Through analysis of the PCs, elevation data were shown to be important due to their easy access and lack of need for continuous observations. Therefore, the elevation factor can be included in the HS equation. Elevations of the study sites were easily accessible from digital elevation model (DEM) or handheld GPS and remained constant in a very long period; therefore, it was included to improve the HS equation:
where f(H) is the altitude function to be solved; a is the temperature constant, which is often the minimum value of T mean in the last 50 years in areas higher than 2,000 m to prevent the calculation of ET 0 HS-E from generating negative values.
This modified HS-E model represents an improvement on the HS model. Other variables are the same as in Equation (2).
An improved method to determine the temperature constant FAO recommended that the temperature constant should be À17.8, when the unit of R a was measured in mm d À1 .
However, T mean is often lower than À17.8 C in high-altitude areas, especially in areas above 3,500 m in January and
December. This led to negative ET 0 values calculated by the HS model. This result is contrary to common sense (actual evapotranspiration cannot be negative). Therefore, the method to determine the temperature constant needs to be improved.
The lowest daily T mean of the 20 representative sites (Table 1 , elevation ranging from 2,000 to 5,000 m) from 1960 to 2015 was À36.6 C, which was observed at the Gerze region (4,414.9 m altitude) on December 26th, 1987.
Therefore, the temperature constant was set to À36.6 to avoid negative values of ET 0 calculated using the new model.
Derivation of the elevation function
Comparing Equations (1) and (3), it was obtained elevation function is as follows:
Then, the HS-E model is:
Model calibration and validation
The new HS-E model was validated using the testing dataset The mean relative error (MRE), the root mean square error (RMSE) and Nash-Sutcliffe efficiency (NSE) were used as statistical indices to show the applicability of the
HS-E model (Cai et al. ). The calculation process of each indicator is as follows:
where N is the total number of error comparison points; P i
and O i represent the predicted and measured values,
The MRE is a percentage and is used to characterize the accuracy and error scope of the prediction; the RMSE is used to measure the deviation between the observed values and true values. The closer the MRE and RMSE are to zero, the higher reliability of the model. The closer the NES value is to 1, the higher the reliability of the model.
RESULTS
Performance on estimating daily ET 0 (Table 4) . Third, the MRE of the HS-E model was between 1.13% and 18.72% with an average (the average MRE absolute value) of 9.80%, while the MRE of the HS-E model was between À31.64% and 18.41% (the average absolute value was 15.13%) (Table 4) . while the average MRE of the HS model was 15.51%. Therefore, with the RMSE and MRE closer to 0, the values of ET 0 calculated by the HS-E model had a smaller deviation compared with the true values.
On the other hand, first, the NSE of 0.89 for the monthly ET 0 HSE was greater than 0.79 at the daily scale. Second, the RMSE of 9.52 mm month À1 for the monthly ET 0 HSE was lower than the 0.53 mm day À1 at the daily scale. Third, the MRE of 7.21% for the monthly ET 0 HSE was less than the 7.44% at the daily scale in 20 different stations, meaning the monthly ET 0 calculated by the HS-E model was more accurate than that at daily scale. Therefore, the HS-E model has smaller errors with the increasing calculation period and more obvious advantages over the HS model. average (the average of MRE absolute values) of 7.0%; while the HS model had an average MRE of 15.43%.
Therefore, the HS-E model was superior to the HS model. Therefore, the elevation factor was included to enhance the ability of the model to estimate radiation and improve the accuracy of the HS model. This paper mainly focused on the high-elevation areas of Tibet, so validation of the HS-E equation was also limited to that region. However, adjusting the temperature constant and using the elevation factor, the proposed HS-E model has the potential to easily estimate ET 0 in a large variety of areas with easy to obtain parameters.
CONCLUSIONS
The standard PM method (adopted by FAO) requires a lot of Overall, the HS-E model is feasible and convenient for use at high elevation areas. However, this study only used data from sites with elevations ranging from 2,000 to 5,000 m.
In the future, it is recommended to consider the effect of elevation using more meteorological data at sites covering wider ranges of elevations.
